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Abstract 
The heat transfer and flow characteristics in corrugated sinusoidal wavy channels for different phase shift between 
the upper and lower wavy plates with the same equivalent diameter have been numerically investigated. The 
computations are performed on uniform wall temperature for air (Pr=0.696) over a range of Reynolds number(Re), 
2000≤Re≤10000. The effects of phase shift and Re on flow and heat transfer are discussed. The relative thermal-
hydraulic performance enhancement is evaluated. Simulation results show that the corrugated channels have a 
significant heat transfer enhancement accompanied by increased pressure loss penalty, and the effect of phase shift on 
the flow and heat transfer is more pronounced in higher Re region than in lower Re region.  For all channels the 
goodness factor G decreases with the increasing Re, and the G value is beyond 1 with the exception of the channel of 
180°phase shift channel. The optimal performance is achieved on 0° phase shift channel in lower Re region.     
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [name organizer] 
 
Keywords: heat transfer enhancement; flow characteristics corrugated; wavy channels; phase shift 
1. Introduction 
Corrugated ducts are basic channel geometry in plate heat transfer exchangers and plate-fin heat 
exchangers because the heat transfer rate of the heat transfer devices tends to increase. Therefore, the 
changing of corrugated surfaces’ style and forming of complicated fluid flowing duct are a suitable 
method to improve the thermal performance of heat transfer devices. There are various forms of the 
corrugated surfaces, such as triangular, sinusoidal, rounded corners similar to triangular and trapezoidal. 
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Among these different types of corrugated surface geometries available, the sinusoidal profile geometry is 
more commonly used in heat exchanger devices.   
Many experimental or numerical studies for fluid flow and heat transfer in corrugated duct in past 
including a series of experimental studies by Nishimura and Ohori etc.[1] to measure the variation of 
pressure drop and wall shear stress with Re for a pair of sinusoidal wavy plate symmetrically about the 
flow axis, to elucidate the dependence relationship by the behavior of the circulated vortex formed at 
diverging cross section of the channel, and to visualize the flow field by hydrogen bubbles method, by 
Oyakawa and Shinzato etc.[2] to investigate the effect of the channel width on the heat transfer and fluid 
flow in a wavy sinusoidal channel(phase shift =0ϕ D ), to discuss the feature of heat transfer augmentation 
with the pressure loss contribution, and to offer the optimum width, and to visualize the flow streak by 
using fluorescein as a tracer, by Nishimura T, Kawamura Y, etc.[3] to examine the relationship between 
the vortex structure and mass transfer rate in transitional flow regime for the channel of phase shift =0ϕ D , 
to observe three dimensional structure of the large recirculation vortex by hydrogen bubbles method, and 
to measure the local wall shear stress and mass transfer rate by electrochemical method, by Nishimura 
and co-workers[4] to observe the flow separation and recirculation zones in the wave troughs at low 
Reynolds numbers. Flow patterns and mass transfer characteristics in symmetrical channels with 
sinusoidal and semi-circular arcs corrugated surfaces were investigated from laminar to transitional 
flow[5]. Literature[6] performed flow visualization experiments in a water tunnel using twelve different 
geometrical sinusoidal wavy channel =0ϕ D , =90ϕ D , =180ϕ D , relative wavelength and relative 
amplitude) for Re<1000 region and provided heat transfer data. They paid particular attention to 
geometric influences on the onset of macroscopic mixing in the flow and disclosed the impact of 
macroscopic mixing on local heat transfer.  
In the numerical simulations, Garg and Maji [7] investigated phase shift =0ϕ D  sinusoidal wavy 
channel. They showed the variation of local Nusselt number (Nu) with Re and the sinusoidal distribution 
law of the local Nu along flow direction. Literature[8,9] accomplished numerical simulation for phase 
shift =180ϕ D  sinusoidal wavy channel. They solved the full time-dependent, two-dimensional Navier-
Stokes equation on a curvilinear orthogonal grid for a periodic unit channel，and concluded that the 
average Nu values for the wavy wall channel were only slightly larger than those for a parallel-plate 
channel in the steady-flow region, however; in the transitional-flow region, the heat transfer was raised by 
a factor of 2.5 and friction factors (f) were increased about twice that of a parallel-plate channel. 
Literature[10] reported the experimental work on mass transfer enhancement through pulsatile flow for 
=0ϕ D  sinusoidal wavy channel under laminar flow condition, and visualized the vortices dynamics both 
experimentally and numerically. They also provided the numerical results for =180ϕ D channel under the 
same flow conditions, and made comparisons of streakiness between =0ϕ D  and =180ϕ D channel, and 
they suggested that the different style of streakiness is responsible for the difference in the mass transfer 
rates. Wang C C, Chen K[11] numerically analyzed the rate of heat transfer through a sinusoidal curved 
converging-diverging channel using a coordinate transformation method. The effects of the Re, the 
Prandtl number(Pr) and the dimensionless amplitude on flow and heat transfer were studied for Re<700 
region. The effects of the wavy plate spacing on flow and heat transfer for sinusoidal channels with phase 
shift =0ϕ D were numerically investigated by this paper author and her co-worker[12], and the 
characteristics of flow and heat transfer in different phase shift channels were also numerically studied by 
the same authors for laminar flow region[13]. The different flow and heat transfer performances in 
sinusoidal and triangle channels were studied by using a unsteady numerical method[14] and a steady 
numerical method[15] for laminar flow respectively. The conclusion was obtained that self-sustained 
oscillations flow appeared at different critical Re value, and the friction factor and heat transfer rate were 
larger in sinusoidal channel than in triangle channel.  
Although a significant body of research on flow and heat transfer in sinusoidal wavy channels has been 
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reported, however, most work considers only the symmetric channel with phase shift =180ϕ D and 
asymmetric channel with phase shift =0ϕ D . Results for other phase shift wavy channels are limited, with 
no clear characterization on the effects of different phase shifts in transition and turbulent flow region. 
The present study employs numerical method to investigate the heat transfer and flow behavior of viscous 
fluid flow for transition flow region in corrugated sinusoidal wavy channel with different phase shift 0°, 
30°, 60°, 90° and 180° under constant wall temperature.  
2. Description of the problem 
The geometries considered in this analysis are a set of sinusoidal wavy channels with different phase 
lag between the upper  and  lower wavy plates, i.e. phase shift,  of  0°, 30°, 60°, 90° and 180°.  The shape 
function of these wavy plate surfaces is expressed as follows: 
1 2
41 sin
2
xr A C C
L
π⎡ ⎤⎛ ⎞= − + +⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦  
In this formula, symbol A(A=3.5mm) and L(L=28mm) stands for wave amplitude and wave length 
respectively, and symbol C1 and C2 are two shape parameters. The parameter C1 determines the relative 
position of upper and lower plate and the parameter C2 controls the spacing of adjacent plate, which 
makes the studied different geometries retain the equal equivalent diameter. To keep the same equivalent 
diameter for different phase shift channels is a basic precondition for performance comparison among 
different phase shift channels. The representative three different geometries ( =0ϕ D and =90ϕ D ) of the 
wavy channel are shown in Fig.1. For the other geometries, see section 5(Fig.3). As seen in this figure, 
these geometries are periodically varying flow cross-section in the streamwise direction, the flow and 
thermal field repeats itself at corresponding axial stations in successive cycles after a short entrance 
region. The computational domain is confined to a periodical corrugation module (see Fig.3). For the 
module, periodic boundary conditions are imposed on inlet/outlet, and no-slip as well as constant wall 
temperature conditions are used on the solid walls.  
                               
(a)  0º                                                                                                  (b)  90º 
Fig.1 Typical corrugated plate channel representation 
3. Conservation equations 
The governing equations to be considered are the time–averaged continuity, momentum and energy 
equations. All the computations are conducted by using k-ε turbulent model for 2000<Re<10000 with 
constant property air, and the flow is assumed to be two dimensional and steady-state. Based on the 
foregoing assumptions, the governing equations are expressed in the following general form: 
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where φ stands for different dependent variable ( and u,v,T ,k ε )，and the detailed introductions see 
literature[16].  
4. Model validation 
The present numerical method is validated by comparison the predicted results with the corresponding 
experimental correlation solutions (provided by literature [17]) of heat transfer coefficient Nu and friction 
factor f . The parallel plate channel is regarded as a particular case of tubular type channel with equivalent 
diameter as characteristic length. The length of parallel plate channel is sufficient in order to obtain fully 
developed flow and thermal. The formulas of equivalent diameter and the corresponding experimental 
correlation are expressed as 
4                                                                      e cD A P=     (2) 
( ) 20.79ln Re 1.64                                            Df −= −                      (3) 
  ( )( )( ) ( )1 2 2 3
8 Re 1000 Pr
                    
1 12.7 8 Pr 1
DfNu
f
−=
+ × −
                                     (4) 
where Ac is the cross-section of unitary area, and P is the wetted perimeter. The range of Re and Pr is 
63000 5 10DeRe≤ ≤ ×  and 0 5 2000. Pr≤ ≤ , respectively. 
The Re range of the numerical simulation is from 2×103 to 1×105, and the relative error between the 
predicted values with experimental correlation results of Nu and f are within 2.3% and 3.6%, respectively. 
The good agreement shows the reliability of the present numerical method. 
5.  Results and discussion 
5.1. Flow characteristics and friction factor 
A quantity of interest is the calculation of the friction factor expressed in terms of the Fanning friction 
factor as follows:    
        ( )5                                                                           p
u2
Df 2
av
e ⋅= ρ   
where p  ( xpp dd= ) is a per cycle pressure gradient, and avu is the average velocity and is defined as 
av cu m Aρ=  . 
The friction factor and wall shear stresses as a function of the Re are plotted in Fig.2(a) and Fig.2(b) 
with the phase shift as the curve parameters, and together with flat plate channel friction factor shown by 
dashed lines. The characteristics may be summarized as follows. Firstly, it is very clear that with the 
increase of Re the shear stress wτ  increases while the f decreases, and the change is more pronounced in 
higher Re region. Secondly, the friction factors investigated wavy channels are larger than that of flat 
plate channel. Thirdly, one can observe that the variation trend of the f and the wτ  with wavy plate phase 
shift are similar. That is to say, the f and the wτ  decrease with the increase of phase shift. This can be 
explained by Fig.3. It can be seen from the streamlines for different phase shifts (shown in Fig.3) that 
there are smaller recirculation region and more separation bubble regions formed in the adjacent 
1570  Jixiang Yin et al.\ / Energy Procedia 14 (2012) 1566 – 1573 Author name / Energy Procedia 00 (2011) 000–000 5 
inlet/outlet with the increase of phase shift and the distortion of the streamline diminishes, which means 
that the influence of the wall on the main stream becomes lesser. Thus, the mixing between core fluid and 
near-wall fluid makes weaker, resulting in large changes in the position of the reattachment point of the 
free shear layer, which makes the recirculation flow formed in the concave portion of the wave weaken. 
All expatiated above is responsible for the variation characteristics of wτ and f with phase shift, because 
the fluid flow behavior depends considerably on phase shift.   
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                (a) Friction factor                                                                                 (b) Wall shear stress 
 Fig.2   Effects of Re and phase shift on friction factor and wall shear stress for 26.32eD mm=       
It will be useful to give a simple correlation of the f  with Re for different phase shifts.  The forms of 
correlations are assumed as the following by referring to previous forms. 
                                                nf CRe=                                                                            (6) 
The two coefficients C and n can be determined by means of Non-linear curve fitting techniques. The 
results are listed in table 1. (Where R2 is the fitting correlation coefficient) 
  
Fig.3  Streamlines for different phase shifts (Re=8000) 
Table. 1  Fitted coefficients C and n                                   Table 2.  Fitted coefficients C and n 
   
 
 
 
 
Phase shift C n R2 
0º 0.272 -0.119 0.9655
30º 0.272 -0.130 0.9998
60º 0.240 -0.144 0.9996
90º 0.195 -0.155 0.9996
180º 0.148 -0.193 0.9996
Phase shift C n R2 
0º 0.159 0.714 0.996 
30º 0.119 0.743 0.998 
60º 0.102 0.751 1 
90º 0.098 0.741 1 
180º 0.069 0.750 1 
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5.2. Averaged heat transfer results 
The average heat transfer coefficient is evaluated by using Nu, which is presented in terms of the 
following form:  
                       eNu hD λ=                                     (7) 
Fig.4 shows the variation of the average Nu with Re for the different wavy phase shifts. As seen, at 
specific wavy phase shift, the Nu increases with increasing Re due to the increase in heat transfer rate. It 
is also found from this figure that the Nusselt numbers decrease with the increasing phase shifts because 
the decrease in phase shift causes larger region re-circulation or/and higher swirl flows intensity in the 
corrugation trough, and moreover,  all Nu values are larger than those of flat plate channel  
Regression analyses of the present data with Re reveals their change trend and can be represented by 
the following power-low function form:  
nNu CRe=                                     (8) 
The fitting detailed results are listed in table 2. 
5.3. Performance evaluation 
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It is necessary to evaluate the net enhancement obtained in the wavy channel because the 
improvements in heat transfer are also accompanied by increase in the frictional losses. There are various 
evaluation criteria according to the exchanger design purposes. Here the relative thermal-hydraulic 
performance enhancement is evaluated by goodness factor expressed as:  
( ) ( ) 3100 ffNuNuG =                                    (9) 
where 0 and Nuf0 are the results of parallel plate channel calculated by formulas(3) and (4) respectively. 
The variation of the goodness parameter G with phase shift and Re plotted in Fig.5. A high position 
indicates good thermal-hydraulic performance. Clearly, the values of G are beyond 1 for these channels of 
phase shift 0°to 90°,which indicates that these channels have a beneficial effect in terms of overall 
performance, while the channel of 180°phase shift has worse overall performance in higher Re region. 
For all channels, the goodness factor G decreases with the increasing Re. The 0°channel has optimal 
performance in lower Re region. 
6.    Conclusions 
The effects of wave plate phase shift and Re on the thermal hydraulic performance have been 
numerically investigated. The data Nu and f in different phase shift channels are presented. Based on the 
numerical results, the heat transfer coefficient Nu and flow friction factor f correlations are established. 
The flow characteristics have been visualized using streamlines. Some important results are obtained.   
The friction factor and Nusselt number decrease with the increase of the phase shifts. The f and 
goodness factor G decrease with increasing Re, while Nu is opposite change trend. The thermal-hydraulic 
performance is closely related to the distributions of streamlines. The more severe the streamlines distort, 
the greater the resistance loss and the heat transfer rate are. These channels of phase shift 0°to 90°have 
better overall performance, and the  0°channel has the optimal performance in lower Re region.   
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